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Abstract²$QNOHLQMXULHVDUHYHU\FRPPRQLQGDLO\OLIHRXWRI
PXVFXORVNHOHWDO RU QHXURORJLFDO UHDVRQV 7UDGLWLRQDO DQNOH
WKHUDS\XVXDOO\UHTXLUHVFRRSHUDWLYHDQGLQWHQVLYHHIIRUWVIURP
WKHUDSLVWV DQG SDWLHQWV 5RERWDVVLVWHG DQNOH UHKDELOLWDWLRQ
WHFKQLTXHVKDYHEHHQDFWLYHO\UHVHDUFKHGLQWKHSDVWIHZGHFDGHV
+RZHYHU OLPLWDWLRQV H[LVW VXFK DV LQDFFXUDWH URERWLF GHVLJQ
OLPLWHGURERWLF UDQJHRIPRWLRQ 520DQG WRUTXHJHQHUDWLRQ
FDSDELOLW\ RU ODFN RI PHDVXUHPHQW RI WKH LQWHUDFWLRQ EHWZHHQ
URERWV DQG SDWLHQWV 7KLV VWXG\ GHYHORSHG D QRYHO DQNOH
DVVHVVPHQWDQGUHKDELOLWDWLRQURERW$$55WKDWFRXOGSHUIRUP
D WKUHHGLPHQVLRQDO URERWLF WUDLQLQJ ZLWK UHDOWLPH DQNOH
DVVHVVPHQW $ SUHOLPLQDU\ WHVW ZDV FRQGXFWHG RQ D KHDOWK\
VXEMHFWXVLQJDPRGHOEDVHGRSHQORRSFRQWUROOHU5HVXOWVVKRZ
WKDW WKHURERWLF WUDLQLQJ LV FRQWLQXRXVDQG VWDEOHDOWKRXJK WKH
WUDMHFWRU\WUDFNLQJDFFXUDF\LVQRWKLJK,WLVFRQFOXGHGWKDWWKLV
URERWLF GHVLJQ KDV SRWHQWLDO LQ FOLQLFDO DSSOLFDWLRQV IRU DQNOH
UHKDELOLWDWLRQ 7KLV PRGHO EDVHG RSHQORRS FRQWUROOHU FRXOG
SURYLGH VWDEOH URERWLF WUDLQLQJ DQG VXLWDEOH IRU ORZ SUHFLVLRQ
WUDFNLQJ UHTXLUHPHQW )XWXUH ZRUN ZLOO IRFXV RQ UHDOL]LQJ
DGYDQFHG WUDLQLQJ PRGHV DQG WKH LPSURYHPHQW RI WUDMHFWRU\
WUDFNLQJDFFXUDF\

, ,1752'8&7,21
7KH KXPDQ DQNOH MRLQW LV D FRPSOH[ ERQ\ VWUXFWXUH >@
ZKLFK JUHDWO\ DIIHFWV ORZHU H[WUHPLW\ IXQFWLRQ >@ 7KH
LQFLGHQFHRIDQNOHLQMXULHVLVKLJKGXHWRH[WHQVLYHH[SRVXUHWR
ODUJHORDGVFDQUHDFKXSWRVHYHUDOWLPHVRIWKHERG\ZHLJKW
$QNOH VSUDLQV DUHYHU\ FRPPRQ LQ VSRUWV DQG GDLO\ OLIH DQG
FRXOGEHFDXVHGE\RYHUVWUHWFKLQJRUWHDULQJRIDQNOHOLJDPHQWV
>@$QHVWLPDWHGFDVHVRFFXUUHGSHUGD\LQWKH8QLWHG
6WDWHV >@ ,Q 1HZ =HDODQG WKH $FFLGHQW &RPSHQVDWLRQ
&RUSRUDWLRQ UHFHLYHG RYHU QHZ FODLPV DQG 
RQJRLQJFODLPVZLWKUHVSHFWWRDQNOHLQMXULHVIURP-XO\WR

5HVUDFK VXSSRUWHG E\ 8QLYHUVLW\ RI $XFNODQG XQGHU )DFXOW\ RI
(QJLQHHULQJ5HVHDUFK'HYHORSPHQW)XQG3K\VLFDO5RERW+XPDQ
,QWHUDFWLRQIRU3HUIRUPDQFH%DVHG3URJUHVVLYH5RERW$VVLVWHG7KHUDS\DQG
&KLQD6SRQVRUVKLS&RXQFLO
0 0 =KDQJ LV ZLWK WKH 'HSDUWPHQW RI 0HFKDQLFDO (QJLQHHULQJ
8QLYHUVLW\ RI $XFNODQG $XFNODQG  1HZ =HDODQG HPDLO
P]KD#DXFNODQGXQLDFQ]
%6KHQJLVZLWKWKH'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ8QLYHUVLW\RI
$XFNODQG $XFNODQG  1HZ =HDODQG HPDLO
EVKH#DXFNODQGXQLDFQ]
:0HQJLVZLWKWKH'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ8QLYHUVLW\RI
$XFNODQG $XFNODQG  1HZ =HDODQG HPDLO
ZPHQ#DXFNODQGXQLDFQ]
7 & 'DYLHV LV ZLWK WKH 'HSDUWPHQW RI 0HFKDQLFDO (QJLQHHULQJ
8QLYHUVLW\ RI $XFNODQG $XFNODQG  1HZ =HDODQG HPDLO
FGDYLHV#DXFNODQGDFQ]
64;LHLVZLWKWKH'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ8QLYHUVLW\
RI $XFNODQG $XFNODQG  1HZ =HDODQG FRUUHVSRQGHQFH HPDLO
V[LH#DXFNODQGDFQ]
-XQH  >@ 1HXURORJLF LQMXULHV VXFK DV VWURNH FHUHEUDO
SDOV\ DQG WUDXPDWLF EUDLQ FRXOG DOVR OHDG WR DQNOH LQMXULHV
'URSIRRWLVDFRPPRQLPSDLUPHQWIROORZLQJVWURNH,Q1HZ
=HDODQGWKHUHDUHDQHVWLPDWHGVWURNHVXUYLYRUV
&RQYHQWLRQDO DQNOH UHKDELOLWDWLRQ WUHDWPHQWV XVXDOO\
UHTXLUHFRRSHUDWLYHDQG LQWHQVLYHHIIRUWV IURP WKHUDSLVWV DQG
SDWLHQWV RYHU SURORQJHG VHVVLRQV >@ 5RERWDLGHG
UHKDELOLWDWLRQ WHFKQRORJ\ KDV EHHQ DFWLYHO\ GHYHORSHG LQ WKH
SDVW IHZ GHFDGHV DQG DOORZV WKH WUDQVIRUPDWLRQ RI
UHKDELOLWDWLRQ FOLQLFV IURP ODERULQWHQVLYH RSHUDWLRQV WR
WHFKQRORJ\DVVLVWHGRSHUDWLRQVDVZHOODVDULFKVWUHDPRIGDWD
WKDW FDQ IDFLOLWDWH SDWLHQW GLDJQRVLV FXVWRPL]DWLRQ RI WKH
WKHUDS\DQGPDLQWHQDQFHRISDWLHQWUHFRUGVDWWKHFOLQLFDQGDW
KRPH >@ 7KH HIIHFWLYHQHVV RI H[LVWLQJ DQNOH UHKDELOLWDWLRQ
GHYLFHVKDVEHHQV\VWHPDWLFDOO\UHYLHZHGE\=KDQJHWDO>@
DQGFOLQLFDOWULDOVKDYHGHPRQVWUDWHGWKHLUSRVLWLYHHIIHFWVRQ
UHGXFLQJDQNOHLPSDLUPHQWFDXVHGE\HLWKHUPXVFXORVNHOHWDORU
QHXURORJLFDOUHDVRQV
([LVWLQJ URERWDVVLVWHG DQNOH UHKDELOLWDWLRQ GHYLFHV FRXOG
EHFODVVLILHGLQWRZHDUDEOHURERWVDLPLQJDW LPSURYLQJDQNOH
SHUIRUPDQFHGXULQJJDLW DQGSODWIRUPEDVHG URERWV IRFXVLQJ
VROHO\ RQ LPSURYHPHQW RI DQNOH SHUIRUPDQFH >@ $OWKRXJK
SODWIRUPEDVHGSDUDOOHO URERWVKDYHEHHQFRQVLGHUHGVXLWDEOH
IRU DQNOH UHKDELOLWDWLRQ GXH WR WKH PXOWLGHJUHHV RI IUHHGRP
'2)V DQG ODUJH WRUTXH JHQHUDWLRQ FDSDFLW\ FKDUDFWHULVWLFV
IHZ KDV EHHQ ZHOO GHYHORSHG DQG YDOLGDWHG IRU DQNOH
DVVHVVPHQW DQG UHKDELOLWDWLRQ $ W\SLFDO LQVWDQFH LV WKH
5XWJHUV$QNOHEDVHGRQD6WHZDUW*RXJKSODWIRUPZLWKVL[
'2)VSRZHUHGE\GRXEOHDFWLQJSQHXPDWLFF\OLQGHUV>@7KLV
V\VWHPKDVEHHQH[WHQVLYHO\ UHVHDUFKHGDQG VKRZQSRWHQWLDO
IRU FOLQLFDO DSSOLFDWLRQV +RZHYHU LQ WKLV V\VWHP WKH DQNOH
MRLQW GRHV QRW UHPDLQ VWDWLRQDU\ GXULQJ WKH URERWLF WUDLQLQJ
ZKLFK FRXOG FDXVH GLIILFXOW\ LQ FRQWUROOLQJ WKH URERW DQG
UHTXLUH V\QHUJLF PRYHPHQW IURP WKH SDWLHQWV¶ ORZHU OLPEV
6RPHRWKHUSDUDOOHOURERWVKDYHDOVREHHQGHYHORSHGIRUDQNOH
UHKDELOLWDWLRQ>@+RZHYHUPRVWH[LVWLQJSODWIRUPEDVHG
DQNOHURERWVKDYHDVLPLODUPHFKDQLFDOVWUXFWXUHZKHUHLQWKH
PRYLQJSODWIRUPLVDFWXDWHGIURPWKHERWWRPDQGLWVURWDWLRQDO
FHQWHUGRHVQRWFRLQFLGHZLWKWKHDQNOHMRLQW7KLVFRXOGOHDGWR
LQDFFXUDWHUHKDELOLWDWLRQPRWLRQV
2XU ODE UHFHQWO\ GHYHORSHG DQ DQNOH UHKDELOLWDWLRQ URERW
WKDW FRXOG HQVXUH WKH DQNOH MRLQW UHPDLQV VWDWLRQDU\ GXULQJ
URERWDVVLVWHG WKHUDS\ >@ $OWKRXJK WKLV URERW VKRZHG
SRWHQWLDO LQ WHUPV RI VXSHULRU VWUXFWXUH DQG OLJKWZHLJKW
SQHXPDWLFPXVFOHDFWXDWRUVDVZHOODVJRRGWUDFNLQJDFFXUDF\
RI WKH IX]]\ORJLF EDVHG FRQWURO VWUDWHJ\ VRPH OLPLWDWLRQV
OLPLWHG WRUTXHJHQHUDWLRQFDSDELOLW\DQGQRPHDVXUHPHQWRI
UHDOWLPH SDWLHQWURERW LQWHUDFWLRQ VWLOO H[LVW DQG LPSHGH LWV
FOLQLFDODSSOLFDWLRQV
0RGHOEDVHG2SHQ/RRS3RVWXUH&RQWURORID3DUDOOHO$QNOH
$VVHVVPHQWDQG5HKDELOLWDWLRQ5RERW
0LQJPLQJ=KDQJStudent Member, IEEE, %R6KHQJ7&ODLUH'DYLHV:HL0HQJ6KHQJ4;LH*, 
Senior Member, IEEE
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,QIODWLRQ
'HIODWLRQ
7KLVUHVHDUFKLQYROYHGWKHGHYHORSPHQWRIDQRYHO$$55
EDVHG RQ WKH SUHYLRXV SURWRW\SH 7KLV QHZ URERW LV OLJKW LQ
ZHLJKWDQGFRPSDWLEOHZLWKDQNOHPRWLRQV7KHXVHRI)HVWR
)OXGLFPXVFOHV))0VDOORZVODUJHURERWLFWRUTXHJHQHUDWLRQ
FDSDELOLW\ 7KLV URERWLF GHVLJQ DOVR DOORZV WKH UHDOL]DWLRQ RI
DGYDQFHG WUDLQLQJ VWUDWHJLHV E\ WKH LQWHJUDWLRQ RI UHDOWLPH
DQNOH DVVHVVPHQW +RZHYHU DQ RSHQORRS SRVWXUH FRQWURO
DSSURDFKZDVSURSRVHGWRRSHUDWHVDIHO\DVDSUHOLPLQDU\WHVW
7KLVSDSHUGHVFULEHVWKHGHVLJQDQGWKHPRGHOEDVHGRSHQORRS
FRQWUROOHU([SHULPHQWVRQDKHDOWK\VXEMHFWZHUHFDUULHGRXW
DQGUHVXOWVZHUHDQDO\]HG
,, $1./($66(660(17$1'5(+$%,/,7$7,21
52%27
A. Mechanical Design 
7KLV$$55LVDFWXDWHGE\IRXUSDUDOOHODFWXDWRUVIRUWKUHH
URWDWLRQDO '2)V 7KHVH WKUHH '2)V UHVSHFWLYHO\ UHSUHVHQW
DQNOH¶V QDWXUDO PRWLRQV LQ GRUVLIOH[LRQSODQWDUIOH[LRQ
LQYHUVLRQHYHUVLRQDQGDEGXFWLRQDGGXFWLRQ7KLVQHZURERWLF
GHVLJQ ZDV SURSRVHG EDVHG RQ DQ H[LVWLQJ DQNOH SURWRW\SH
GHYHORSHGLQ0HFKDWURQLFV/DERI7KH8QLYHUVLW\RI$XFNODQG
>@7ZRPDLQWKLQJVKDYHEHHQVLJQLILFDQWO\LPSURYHGRQH
LVWKHXVHRI))0V)(672'063150&0DQGWKH
RWKHU LV WKH LQWHJUDWLRQ RI UHDOWLPH URERWDVVLVWHG DQNOH
DVVHVVPHQWWHFKQLTXH>@0HFKDQLFDOO\WKLVURERWFRQVLVWV
RIDIL[HGSODWIRUP)3DQGDPRYLQJSODWIRUP03RIZKLFK
)3LVULJLGO\FRQQHFWHGZLWKWKHEDVHDQGWKHRWKHULVPRYLQJ
DVD03IRUYDULRXVDQNOHPRWLRQV7KLVURERWKDVDQDGYDQFHG
VHQVLQJV\VWHPWKDWLQFOXGHVIRXUVLQJOHD[LVORDGFHOOV6/&V
WRPHDVXUHWKHFRQWUDFWLRQIRUFHRIHDFK))0WKUHHPDJQHWLF
HQFRGHUV WR WUDFN WKH DQJXODU SRVLWLRQ RI HDFK '2) DQG D
PXOWLD[LV ORDG FHOO 0/& IRU PHDVXULQJ DQNOH WRUTXH LQ D
WKUHHGLPHQVLRQDOVSDFH)RXUSURSRUWLRQDOSUHVVXUHUHJXODWRUV
335V )(672 9330//*/+ DUH XVHG WR
FRQWUROIRXU))0V&RPSDUHGZLWKWKHPRVWH[LVWLQJSODWIRUP
EDVHG DQNOH URERWV WKH URWDWLRQDO FHQWHU RI  WKLV QRYHO
SURWRW\SHFRLQFLGHZLWKWKHDQNOHMRLQWWRSHUIRUPWKHDFFXUDWH
UHKDELOLWDWLRQWUDLQLQJ%HVLGHVXVLQJIRXU))0VFDQQRWRQO\
SURYLGH HQRXJK 520 DQG WRUTXH EXW DOVR UHGXFH WKH
LPSHGDQFH RI WKH GHYLFH 0RUHRYHU WKH UHDOWLPH DQNOH
DVVHVVPHQW XQLW LV FRPSRVHG RI 6/&V DQG 0/& ZKLFK FDQ
H[WUDFWGDWDWRDVVHVVWKHSHUIRUPDQFHRISDWLHQWVDQGUHDOL]H
WKHDGYDQFHGFRQWUROVWUDWHJLHV+RZHYHUWKLVVWDJHWKH0/&
LVQRWXVHGLQWKLVPRGHOEDVHGRSHQORRSFRQWUROOHU
B. FFM Modeling 
))0V FDQ SURGXFH ODUJHU IRUFH ZLWK WKH VDPH VL]H DQG
FRQWUDFWLRQOHQJWKZKHQFRPSDUHGZLWKWUDGLWLRQDOSQHXPDWLF
PXVFOHDFWXDWRUV7KXV))0VZHUHXVHGDVDFWXDWRUVRI WKLV
$$55 LQRUGHU WR LQFUHDVH WKH WRUTXH JHQHUDWLRQ FDSDELOLW\
+RZHYHU DFFXUDWH PRGHOLQJ RI ))0V LV FULWLFDO IRU FRQWURO
SXUSRVH LQ URERWLF GHYLFHV 6DURVL >@ SURSRVHG D IXQFWLRQ
DSSUR[LPDWLRQIRUWKHVWDWLFIRUFHJHQHUDWHGE\))0DVVKRZQ
LQ HTXDWLRQ  7KHVH SDUDPHWHUV ZHUH H[SHULPHQWDOO\
REWDLQHGE\XVLQJ)(672'063WRGULYH)(672
)LJXUH6WDWLFPRGHORID))0'06315050
'063UHVSHFWLYHO\IRULQIODWLRQDQGGHIODWLRQ,WFDQ
EHVHHQIURPHTXDWLRQWKDWWKHFRQWUDFWLRQIRUFHRI))0V
GHSHQGV RQ FRQWUDFWLRQ UDWLR DQG LQWHUQDO SUHVVXUH 7KH
VSHFLILFUHODWLRQDPRQJ))0VWUDLQSUHVVXUHDQGWKHJHQHUDWHG
IRUFHIRU)(672'063LVVKRZQLQ)LJXUHLQZKLFK
WKH EOXH OLQH UHSUHVHQWV LQIODWLRQ DQG WKH UHG OLQH UHSUHVHQWV
GHIODWLRQ
      b kF p k p a e c p k d p e          
C. Kinematics 
)LJXUH  VKRZV WKH OLQH VNHWFK RI DQ DFWXDWRU DQG LWV
SRVLWLRQYHFWRURQERWK)3DQG037KHOHQJWKVRIIRXU))0V
DUHGHWHUPLQHGE\WKHSRVHRIWKH037KHLUDWWDFKPHQWSRLQWV
RQWKH03DQG)3DUHGHQRWHGE\ m ip DQG f is UHVSHFWLYHO\7KH
FRQQHFWLRQSRLQWVRQWKH)3DUHDOOLQWKHSODQH f f fX O Y 7KHLU
SRVLWLRQYHFWRU f iS RISRLQW f is RQWKH)3DUHGHILQHGLQHTXDWLRQ
6LPLODUO\ WKHSRVLWLRQYHFWRU m iP RISRLQW m ip RQ WKH03
DUHGHILQHGLQHTXDWLRQ7KHSRVLWLRQYHFWRU f O RISRLQW mO 
RQWKH)3DUHGHILQHGLQHTXDWLRQ
   f f f Ti i iS x y  
    m m m Ti i iP x y h   
  f f mO O O H  
JJJJJJG  



)LJXUH /LQHVNHWFKRIDQDFWXDWRUDQGLWVSRVLWLRQYHFWRURQERWK
SODWIRUPV
 

)LJXUH0RGHOEDVHGRSHQORRSFRQWURORIWKHSURSRVHG$$55

)LJXUH0$7/$%VLPXODWLRQEORFNGLDJUDPRIWKHPRGHOEDVHG
RSHQORRSFRQWUROOHUIRU$$55
f
mR LVWKHURWDWLRQDOWUDQVIRUPDWLRQPDWUL[RIWKH03ZLWK
UHVSHFW WR LWV LQLWLDO FRRUGLQDWH V\VWHP XVLQJ D IL[HG D[LV
URWDWLRQ VHTXHQFH RI  x y zT T T DERXW  f f fX Y Z UHVSHFWLYHO\ %\
WKLVPDWUL[SRVLWLRQYHFWRUVRQWKH03FDQEHGHVFULEHGRQWKH
)3 VHH HTXDWLRQ  7KLV URWDWLRQ PDWUL[ GHSHQGV RQ WKH
SRVWXUHRIWKH03DVVKRZQLQHTXDWLRQ
 f f mi m iP R P   
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7KHSRVLWLRQYHFWRU f iL RIDQ))0FDQEHFDOFXODWHGEDVHG
RQHTXDWLRQ)XUWKHUWKHPDJQLWXGH f il FDQEHREWDLQHGIRU
DJLYHQVHWRI03RULHQWDWLRQVVHHHTXDWLRQ
  f f T fi i il L L   
D. Controller Design 
$PRGHOEDVHGRSHQORRSFRQWUROOHUZDVSURSRVHGIRUWKLV
$$55DVDSUHOLPLQDU\WHVWVHH)LJXUH%DVHGRQUHTXLUHG
SRVWXUH RI WKH 03 GHVLUHG LQGLYLGXDO OLQN OHQJWK FRXOG EH
REWDLQHG E\ LQYHUVH NLQHPDWLFV ,. 'XULQJ WKH URERWLF
WUDLQLQJ UHDOWLPH FRQWUDFWLRQ IRUFH RI HDFK ))0 FRXOG EH
PHDVXUHGE\IRXU6/&V%DVHGRQHTXDWLRQ WKHUHTXLUHG
SUHVVXUHIRUHDFK))0FRXOGEHREWDLQHG7KHVHYDOXHVZLOOEH
UHVSHFWLYHO\GHOLYHUHG WRIRXU335VWRUHDOL]H WKHSUHGHILQHG
WUDMHFWRU\RIWKH$$55
,,, 6,08/$7,21
%HIRUHH[SHULPHQWV0$7/$%VLPXODWLRQZDVFRQGXFWHG
WRHYDOXDWHWKHIHDVLELOLW\DQGVDIHW\)LJXUHVKRZVWKHIORZ
GLDJUDP RI WKH PRGHO EDVHG RSHQORRS FRQWUROOHU IRU WKLV
$$557KHSUHGHILQHGURERWLFPRWLRQDVLQZDYHWUDMHFWRU\
ZLWK+]IUHTXHQF\DPSOLWXGHDQG]HURSKDVHLVRQO\
IRUDQNOHGRUVLIOH[LRQDQGSODQWDUIOH[LRQ$QNOHGRUVLIOH[LRQLV
LGHQWLILHGDVSRVLWLYHZKLOHSODQWDUIOH[LRQLVQHJDWLYH%\,.
OLQN OHQJWK UHTXLUHG IRU WKH LQGLYLGXDO FRXOG EH REWDLQHG DV
ZHOO DV WKH FRUUHVSRQGLQJ PXVFOH VWUDLQ 0XVFOH VWUDLQV DUH
VXEMHFWWROLQNOHQJWKVDQGURERWLFFRQILJXUDWLRQ))0VWUDLQLV
H[SUHVVHGDV WKH UDWLRRI WKH FRQWUDFWLRQ OHQJWK WR WKH LQLWLDO
OHQJWK DV VKRZQ LQ HTXDWLRQ  ,QGLYLGXDO SUHVVXUH YDOXH
FRXOGEHIXUWKHUHVWLPDWHGE\6DURVL
VPRGHO>@)LJXUHV
DQGSUHVHQWWKHVLPXODWLRQUHVXOWVLQWHUPVRILQGLYLGXDOOLQN
OHQJWK))0VWUDLQDQGUHTXLUHGSUHVVXUH,WFDQEHVHHQWKDW
))1 VWUDLQV DUH LQ WKH QRUPDO VWURNH QR PRUH WKDQ 
FRQWUDFWLRQ 7KH FDOFXODWHG SUHVVXUH YDOXHV DUH DOVR LQ WKH
QRUPDO UDQJH IRU ))0V DQG 335V )XUWKHU WKHUH DUH WZR
PRGHOVXVHGIRUWKHVLPXODWLRQLQ)LJXUH7KHOHJHQGVZLWK
VXEVFULSW+UHSUHVHQWWKHUHVXOWVE\))0PRGHOZLWKK\VWHUHVLV
FRQVLGHUHG VHSDUDWLQJ LQIODWLRQ DQG GHIODWLRQ 7KH RWKHUV
ZHUHREWDLQHGEDVHGRQ))0PRGHOZLWKRQO\ LQIODWLRQ)RU
ODWH XVH LQIODWLRQ DQG GHIODWLRQ PRGHO ,'0 DQG LQIODWLRQ
PRGHO,0DUHXVHGWRUHSUHVHQWWKHVHWZRGLIIHUHQWPRGHOV
   contraction initial initialFFM Strain L L L   
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)LJXUH5HDOWLPHUHTXLUHGSUHVVXUHRIHDFK))0LQ0$7/$%VLPXODWLRQ
++\VWHUHVLVHTXDOVWR,'0
,9 (;3(5,0(17$/5(68/76
$KHDOWK\ VXEMHFW JHQGHUPDOH DJHSDUWLFLSDWHG LQ
WKLV VWXG\ 7KLV VWXG\ ZDV DSSURYHG E\ WKH 8QLYHUVLW\ RI
$XFNODQG +XPDQ 3DUWLFLSDQWV (WKLFV &RPPLWWHH  IRU
H[SHULPHQWDWLRQRQKXPDQVXEMHFWVDQGFRQVHQWZDVREWDLQHG
IURP WKLVSDUWLFLSDQW7KLV VXEMHFWZDV LQVWUXFWHG WR VLW RQ D
KHLJKWDGMXVWDEOHFKDLUZLWKRQHIRRWVWUDSSHGRQWKHIRRWSODWH
WKDWLVULJLGO\FRQQHFWHGZLWKWKH03E\WKH0/&7KHVKDQN
ZDVVWUDSSHGRQDOHJKROGHUEXWQRWULJLGO\WRLQFUHDVHFRPIRUW
$ VXEMHFWLYH HYDOXDWLRQ RQ XVLQJ WKLV $$55 ZDV REWDLQHG
IURPWKLVSDUWLFLSDQW
7KHSUHGHILQHGDQNOHWUDMHFWRU\LQWKLVH[SHULPHQWZDVWKH
VDPH DV WKDW XVHG LQ 0$7/$% 6LPXODWLRQ 7KH $$55
SURYLGHG WKH SDUWLFLSDQW D VHULHV RI DQNOH WUDLQLQJ F\FOHV LQ
GRUVLIOH[LRQ SODQWDUIOH[LRQ EDVHG RQ WZR GLIIHUHQW PRGHOV
7KH WUDMHFWRU\ IROORZLQJ UHVSRQVHV LQ DQNOH GRUVLIOH[LRQ
SODQWDUIOH[LRQ DUH UHVSHFWLYHO\ VKRZQ LQ )LJXUH  DQG 
)LJXUHVKRZVWKHWUDFNLQJSHUIRUPDQFHE\,'0ZKLOHGDWDLQ
)LJXUH  ZHUH REWDLQHG E\ ,0 7KHVH WZR PHWKRGV EHKDYH
GLIIHUHQWO\DOWKRXJKWKHUHLVQRPXFKGLIIHUHQFHUHJDUGLQJWKH
DFKLHYHG WUDLQLQJ5207KHJUDSKLFDO UHVXOWVRI WKH URERWLF
WUDLQLQJXVLQJ,0VKRZVWKDWLWLVPRUHVPRRWKWKDQWKDWXVLQJ
,'0ZKLFKLVDOVRVXSSRUWHGE\WKHVXEMHFWLYHIHHOLQJRIWKH
SDUWLFLSDQW,Q)LJXUHWKHUHDUHVRPHVXGGHQFKDQJHVWKDWDUH
QRW VDIH IRUKXPDQXVHUV7KH UHDVRQ LVREYLRXVO\ VKRZQ LQ
)LJXUH  LQ ZKLFK VXGGHQ FKDQJHV H[LVW LQ FDOFXODWLQJ WKH
UHTXLUHG SUHVVXUH ZKHQ XVLQJ ,'0 )XUWKHU LW LV VKRZQ LQ
)LJXUH  WKDW WKH DFKLHYHG 520 FDQQRW UHDFK DV PXFK DV
SUHGHILQHG520ZKLFKFRXOGEHFDXVHGE\VRPHUHDVRQVVXFK
DVPRGHODFFXUDF\DQGURERWLFDVVHPEO\SUHFLVLRQ7RLQFUHDVH
WKHDFKLHYHGURERWLF520DFWXDOWUDMHFWRU\LQ)LJXUHZH
DGGHG D SURSRUWLRQDO FRHIILFLHQW LQ FDOFXODWLQJ UHTXLUHG
SUHVVXUH$FFRUGLQJO\WKHDFKLHYHG520DFWXDOWUDMHFWRU\
ZDVVOLJKWO\LQFUHDVHGZLWKUHVSHFWWRDFWXDOWUDMHFWRU\
          
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$FWXDOWUDMHFWRU\
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'HILQHGWUDMHFWRU\
$FWXDOWUDMHFWRU\
$FWXDOWUDMHFWRU\

)LJXUH7UDMHFWRU\IROORZLQJUHVSRQVHVE\))0PRGHOZLWKRQO\LQIODWLRQ
9 ',6&866,21$1'&21&/86,21
7KLVURERWLFGHVLJQDGGUHVVHG WKHDIRUHPHQWLRQHG LVVXHV
RI H[LVWLQJ DQNOH UHKDELOLWDWLRQ URERWV 'XULQJ WKH URERWLF
WUDLQLQJ WKH SDUWLFLSDQW FRXOG NHHS ORZHU OLPEV VWDWLRQDU\
+RZHYHUWKHUHDUHWZRPDLQWKLQJVWREHGLVFXVVHGKHUH7KH
VWURNHRI))0VFRXOGRQO\FRQWUDFWXSWR/RQJ))0V
KDYH WREHXVHG WR DFKLHYH PRUH URERWLF 520 ZKLFK PD\
PDNH WKH URERW WRR GHHS ZKHQ FRQVLGHULQJ WKH GLVWDQFH
EHWZHHQ WKH )3 DQG WKH 03 7KH ODUJHVW WRUTXH JHQHUDWLRQ
FDSDELOLW\ DQG URERWLF 520 FRXOG QRW EH UHDFKHG
VLPXOWDQHRXVO\)XUWKHURSWLPL]DWLRQLVQHHGHGIRUDVSHFLILF
DSSOLFDWLRQ
7RHYDOXDWHWKLVURERWLFGHVLJQDPRGHOEDVHGRSHQORRS
FRQWUROZDVLPSOHPHQWHGLQWKLV$$55DVDSUHOLPLQDU\WHVW
7KHJHQHUDWHGURERWLFWUDLQLQJLVFRQWLQXRXVDOWKRXJKLWFRXOG
QRWWUDFNSUHGHILQHGWUDMHFWRU\DFFXUDWHO\$VVKRZQLQ)LJXUH
WKLVFRQWUROOHULVVWDEOHZLWKXQNQRZQH[WHUQDOGLVWXUEDQFH
JUDYLW\IULFWLRQDQGSDWLHQWURERWLQWHUDFWLRQ+RZHYHUWKH
FRQWUROOHULVVXLWDEOHIRUSDVVLYHDQNOHWUDLQLQJZKLFKGRHVQRW
UHTXLUH WUDFNLQJ SUHFLVLRQ 7KH FRQWURO SHUIRUPDQFH LV
GHILQLWHO\VXEMHFWWRWKHPRGHOLQJDFFXUDF\RI))0V
7KLV URERWLF GHVLJQ KDV WKH SRWHQWLDO IRU DQNOH
UHKDELOLWDWLRQ 7KH LQWHJUDWLRQ RI UHDOWLPH DQNOH DVVHVVPHQW
XQLWDOORZVWKHUHDOL]DWLRQRIDGYDQFHGFRQWUROVWUDWHJLHV7KH
SURSRVHGRSHQORRSFRQWUROOHULVVWDEOHDOWKRXJKWKHWUDFNLQJ
DFFXUDF\LVQRWKLJK)XWXUHZRUNZLOOIRFXVRQUHDOL]LQJVRPH
DGYDQFHG WUDLQLQJ PRGHV RQ WKLV $$55 DV ZHOO DV WKH
LPSURYHPHQWRIWUDMHFWRU\WUDFNLQJDFFXUDF\
$&.12:/('*0(17
7KLV PDWHULDO ZDV EDVHG RQ ZRUN VXSSRUWHG E\ WKH
8QLYHUVLW\ RI $XFNODQG )DFXOW\ RI (QJLQHHULQJ 5HVHDUFK
'HYHORSPHQW )XQG  3K\VLFDO 5RERW+XPDQ
,QWHUDFWLRQ IRU 3HUIRUPDQFH%DVHG 3URJUHVVLYH
5RERW$VVLVWHG7KHUDS\DQG&KLQD6SRQVRUVKLS&RXQFLO
5()(5(1&(6
>@ 66LHJOHU-&KHQDQG&'6FKQHFN7KH
7KUHH'LPHQVLRQDO.LQHPDWLFVDQG)OH[LELOLW\
&KDUDFWHULVWLFVRIWKH+XPDQ$QNOHDQG6XEWDODU
-RLQWV²3DUW,.LQHPDWLFVJournal of 
Biomechanical Engineering, YROSS
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
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